Several bacterial and fungal phytopathogens cause foliar diseases of Brassica. A number of the fungal foliar diseases (i.e., Alternaria or powdery mildew) can be effectively controlled using commercial fungicides (Ivors, 2006a (Ivors, , 2006b Johnston, 2000; Maynard et aI., 2003) . Chemical control for most of the bacterial leaf-spot diseases of Brassica crops is limited; indeed, in the three management guides previously referenced above, Ivors (2006a Ivors ( , 2006b ) and Maynard et ai. (2003) make no mention of bacterial leaf-spot control measures, while Johnston (2000) gives only crop rotation away from Brassica spp. as a control measure for unspecified leaf spot.
Bacterial leaf spot, peppery leaf spot, or pepper spot, incited by Pseudomonas syringae pv. maculicola (Psm) , is an example of a bacterial disease that is difficult to control in Brassica leafY greens. Psm was first reported on cauliflower (Brassica oleracea L. Botrytis Group) in the early 1900s (McCulloch, 1911) . Bacterial leaf-spot disease incited by Psm has been documented in dozens of Brassica-growing regions throughout the world (Bradbury, 1986) and in several states, including California, Ohio, Oklahoma, South Carolina, and Tennessee (Campbell et aI., 1987; Cintas et aI., 2002; Keinath et aI., 2006; Koike, 2000; Lewis Ivey et aI., 2001; Smith and Ramsey, 1953; Zhao et aI., 2000b) . Significant losses in Brassica leafY greens due to this disease have been reported in Oklahoma (Zhao et aI., 2000b) and South Carolina (Keinath et aI., 2006) .
A few commercially available compounds are reported to reduce bacterial diseases of Brassica crops. For most of these products, the target pathogen is Xanthomonas campestris. Copper-based compounds, which are usually only partially effective against some bacterial phytopathogens, have not proven very effective in controlling Psm (Smith and Keinath, 2004; Zhao et aI., 2000a) . Recommended control strategies include rotating out ofBrassica for 1-2 years, limiting overhead irrigation, and ensuring that seed is not infected (Smith and Keinath, 2004) . In certain areas, growers are unable or unwilling to rotate out of these crops for extended periods. In addition, drip or furrow irrigation is not usually economical for this crop, and no reliable and sensitive method to detect this pathogen in seed stocks is currently available.
Previous research into identification of genes involved in disease resistance in Brassica has been successful. As an example, single dominant and recessive genes, as well as modifying genes have been found to confer varying levels of resistance to the downy mildew pathogen Peronospora (Hyaloperonospora) parasitica in broccoli (Dickson and Petzoldt, 1993; Hoser-Krauze et aI., 1987; Natti et aI., 1967) . Studies on the downy mildew resistance genes Dmrl (Farnham et aI., 2002) and Dmr2 and Dmr3 (Wang et aI., 2001 ) have led to development of resistant inbred broccoli lines. A number of studies have investigated the inheritance of resistance in Brassica to certain bacterial diseases, such as the black rot pathogen Xanthomonas campestris pv.' campestris (Bain, 1952; Guo et aI., 1991; Taylor et aI., 2002; Vicente et aI., 2002) . Unfortunately, to date, there are no black rot resistant commercial cultivars available for the grower. In addition, we are unaware of any documented resistance to Psm in commercial varieties of Brassica crops in general and leafy greens in particular. Our own observations of varieties grown in the southeastern United States are that slight differences in severity of Psminduced leaf spot occurs among cultivars, but in no case is resistance at an acceptable level for product marketability.
Mechanisms of disease resistance to Psm have been studied in depth by numerous researchers using the model plant Arabidopsis thaliana. Arabidopsis is a member of the Brassicaceae Family, and thus the information gained from this nonagricultural plant can be important in developing strategies to breed resistant vegetable Brassicas. Most of the Arabidopsis-based research studies use the phytopathogens Psm or P. syringae pv. tomato DC3000. Gene-for-gene interactions involving bacterial avirulence proteins and the corresponding plant-resistance proteins have been welldocumented in studies using both these phytopathogens (Alfano and Collmer, 2004; Pedley and Martin, 2003) . Because Psm resistance has been identified in A. thaliana, this suggests that resistance to this pathogen is likely to be found in other genera of Brassicaceae. Thus, our objective in this study was to screen a collection of B. juncea and B. rapa germplasm for response to inoculation with Psm and to identify sources of resistance that might be incorporated into improved cultivars of these species. Bacterial isolates. Bacterial isolates were collected from several commercial growing regions in South Carolina. Isolates wereobtained by first surface-disinfesting dissected portions of infected leaves from commercially grown Brassica crops with a 0.5% sodium hypochlorite solution. The tissue was ground in phosphate-buffered saline (PBS), then spread plated onto Pseudomonas agar F (PAF). Following incubation at 27°C for 48 h, colonies that fluoresced blue under long-range ultraviolet light were selected. Identification of colonies as Psm was achieved using both molecular-based, as well as standard microbiological techniques (Keinath et a!., 2006) . All isolates were streaked to single colony a minimum ofthree times and stored in nutrient broth amended with 15% glycerol at-80°C. Pathogenicity tests were performed on B. rapa Topper using a subset of these collected Psm isolates. One isolate, T3C, was found to be highly virulent and gave consistent disease symptoms in spray inoculation tests in the greenhouse (data not shown). T3C was used in all subsequent greenhouse inoculations.
Materials and Methods

Plant
Disease screens. Thirty to 35 accessions, as well as the susceptible commercial hybrid turnip Topper (as control), were screened in a single test and a series of 21 total tests were conducted to evaluate all 672 accessions.
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Each test was run as a randomized complete block with two replications. Two blocks or reps of four plants each represented every accession in a given test, and each block of accessions was placed together on a greenhouse bench. Seed were sown in Metro-Mix ·200 soil mix (The Scott's Co., Marysville, OH) in 5 cm x 5 cm pots. Plants were thinned to one plant per pot at 10 d after seeding, pots were arranged in open, self-draining trays. Metro-Mix 200 has a starter nutrient charge, and no additional fertilizer was applied during the tests. Psm inoculations were performed 3 weeks after seeding. All tests were conducted in a greenhouse with no supplemental lighting at Charleston, SC, from March through October, and temperatures typically ranged from 28 to 35°C.
For inoculations, Psm T3C was grown on PAF medium for 16 h at 27°C. Cells were then harvested and resuspended in sterile distilled H 2 0 (dsH 2 0). The cell suspension was adjusted to an optical density at 600 urn of 0.8 with sdH 2 0 (::::;1 x 10 7 CFU per mL of Psm cells, as determined by dilution plating). The surfactant Latron B-1956 (Dow Agrosciences LLC, Indianapolis) was added to the cell suspension at 3.2 flL·mL-1 to enhance leaf coverage. The suspension was applied to the leaves using a Paashe model-H airbrush sprayer at i\:! 170 kPa until the leaf surface was uniformly covered. Inoculated plants were placed in a humidity tent at 100% relative humidity for 16-24 h and then transferred to the greenhouse bench for 7 d before rating for disease.
The two most severely affected leaves from each plant were rated. A disease severity rating scale of 1-6 was used based on percentage of affected leaftissue, 1 = 0% leaf area diseased; 2 = 1-10% diseased; 3 = 11-25% diseased; 4 = 26-50% diseased; 5 = 51-75% diseased; 6 = 76-100% diseased. To normalize the data, each ofthe 1-6 ratings for each leaf was converted to an average percentage of disease with 1 = 0%, 2 = 5.5%,3 = 18%,4 = 38%,5 = 63%, and 6 = 88%. With each test, the above percentages were used to compute a single plant mean (within an accession) and also a block mean for a given accession (based on four plants per block).
Retest ofprimary selections. Accessions that exhibited a mean disease severity (MDS), determined by the average percent disease of all scored leaves of an accession, of 7% or less and that exhibited a severity rating significantly lower than the Topper control in preliminary analysis of variance were deemed to be putatively resistant and included in three additional greenhouse tests. A few additional accessions not deemed resistant were also included in retests because they exhibited other desired characteristics and moderate severity ratings.
Production of experimental plants in the retests was the same as described above. Each test was conducted as a randomized complete block, and the number of blocks was increased from two to four. The same inoculation procedures and disease ratings were conducted as before. Whereas disease ratings were only taken 7 d after inoculation in the initial tests to identify putative resistance, in two of the retests, ratings were taken 2, 4,7, and 10 d postinoculation. As described above, these ratings were also converted to percentages and then used to compute area under the disease progress curve (AUDPC; Shaner and Finney, 1977) .
Statistical analysis. Disease ratings were subjected to analysis of variance using a general linear models procedure of SAS version 9.1 (SAS Institute, Cary, NC). For the overall screen of 672 accessions, each individual set was analyzed separately with two replications. Data from follow-up experiments were analyzed separately initially. Because analysis indicated no significant differences among tests and homogeneity of error variances between retests, results were combined for overall analysis. Additionally, when ratings were taken at four different times postinoculation in retests, AUDPC was similarly analyzed as above.
Results
Of the 672 B. juncea and B. rapa accessions screened for resistance to the peppery leaf-spot pathogen Psm, the vast majority were found to be susceptible. Using the commercial turnip green cultivar Topper (B. rapa) as the susceptible control, most accessions tested were found to be as susceptible or more so than this cultivar (Tables 1 and 2 given as examples). The relative susceptibility of Topper varied from test to test in the initial screens, ranging from a low of ::::;20% (Table  2 ) to a high of ::::;40% (Table 1) . Apart from this variation, each test of 30-35 accessions exhibited a wide range of disease scores among accessions, and significant differences within a test were common. Typically, percent infection ranged from <10% to 2:50% (Tables 1 and 2 The four putative resistant B. rapa accessions chosen for further screening were G 30794 with MDS rating of 0.7%, PI 418985 (MDS 4.0%), PI 508419 (MDS 1.4%), and G 30449 (MDS 2.5%). All four of these B. rapa accessions identified in the first rounds of screening were also found to have significantly lower MDS than Topper in the secondary evaluations (Table 3) . Although these accessions were determined to be more resistant to Psm than Topper, the level of resistance was much lower in the retests than originally observed and not adequate enough to be acceptable to the industry (Table 3) . Thus, we did not verify any suitable sources of resistance among the B. rapa accessions tested.
The six B. juncea chosen for further evaluation were PI 271455 with MDS 3.1 %, PI 432390 with MDS 6.2%, PI 432377 with MDS 1.4%, PI 418956 with MDS 3.8%, G 30988 withMDS 7.0%, and PI 195553 with MDS 1.5%. As with B. rapa accessions chosen for retesting, all of the above B. juncea accessions were also found to be significantly more resistant than the susceptible Topper control on retesting (Table 3 ). The three best performers in the secondary evaluation were the B. juncea accessions PI 418965 with a MDS of 15.6%, G 30988 with MDS 7.3%, and PI 195553 with MDS 0.0% (Table 2) . Using a cutoff of R:!7% disease or less, only two accessions from 246 B. juncea tested were confirmed to be highly resistant. One of these, PI 195553, which appeared to be nearly immune to Psm, is an oilseed-type B. juncea, the other, G 30988, with a high level ofresistance to Psm, is a vegetable-type B.juncea.
The variable AUDPC, calculated for all accessions in the retests, followed almost the exact same pattern among accessions as did percent disease severity measured 7 d postinoculation (Table 3 ). The correlation between the two variables was significant (P < 0.0001) and very high (r = 0.991), indicating an extremely close relationship between them.
Discussion
Brassica leafy greens must have extremely low levels of imperfections at harvest to be acceptable to consumers. Slight marring of leaves that can result from disease lesions in conjunction with the likelihood that lesions can continue to develop postharvest can make infected leaves difficult to market. Thus, we set a rigorous standard to identify putative resistance requiring acceptable accessions to be significantly less susceptible than Topper and to exhibit very low disease levels. An important reason for the dual criteria was that we observed test-to-test variation in the response of Topper among the 21 tests that were conducted to evaluate all 672 accessions (Tables 1 and 2 ). This variation in Topper performance is likely attributable to environmental variation that resulted as a consequence of conducting the series oftests over an extended period oftime in a greenhouse. In an ideal situation, it would be best to evaluate all materials at one time.
However, because of limited availability of space, we conducted a series of tests to evaluate this large collection of B. rapa and B.juncea.
Specific disease ratings for the total 672 accessions evaluated in this study were not all presented to simplify this presentation. Most accessions examined were susceptible and the exact response to inoculation with Psm is not pertinent. However, this research was partially funded by the USDA-ARS-National Plant Germplasm System to provide information about PIs held in the Brassica collections. The specific disease ratings are being given to the Brassica curators at Geneva, NY, and Ames, lA, and will be made available through the Germplasm Resource Information Network, which is accessible online (www.ars-grin.gov).
Only six B. juncea and four B. rapa accessions were identified as having putative resistance after all initial disease evaluations were completed. Following the secondary tests to confirm resistance, only two of the B. juncea accessions were shown to have the necessary low disease levels to be economically useful (Table 3) . Of the two mostresistant accessions, PI 195553 appears to be nearly immune to Psm infection while G 30988 just meets the criteria we established for useful resistance. The remaining four B. juncea accessions and all four B. rapa accessions identified as putatively resistant did not appear as resistant after more thorough testing. Apparently, our initial evaluations were prone to identify some false positives. However, it is important to note that after all secondary evaluations, the eight putatively resistant accessions were all significantly less susceptible to Psm than Topper. We assume there must be some partial resistance operating in these latter accessions, but also that it is not adequate to protect leaves from unacceptable levels of damage.
An alternative way one might evaluate a large collection like that examined in this study would be to run a large field trial where the plots are artificially inoculated or where a natural infestation could be expected. For Psm this is problematic because we have .recently determined that Psm is often isolated from infested fields in combination with a leaf spotting Xanthomonas campestris pathovar and X campestris pv. campestris (unpublished data). A similar, dual infection ofleafy crucifers by Psm and a leaf-spotting X campestris pathovar was reported by Zhao et al. (2000a) in Oklahoma. Due to these complications, we concluded that it was more logical to initially identify resistance in controlled environments rather than in field tests.
The two resistant B. juncea accessions identified in our trials come from very diP ferent sources. The resistant vegetable G 30988 is of Chinese origin and has the designated name Lian Cheng Green. This accession looks similar to some mustard greens and might be readily crossed to current cultivars to generate segregating populations of individuals with both peppery leafspot resistance and a desirable horticultural phenotype. The resistant oilseed PI 195553 originates from Ethiopia and has no other data associated with it. Although this line is nearly immune, it looks much less like a common turnip or mustard green. On the contrary, PI 195553 produces relatively few and small leaves and begins to flower after only ::::;5-6 weeks of growth. PI 195553 should readily cross with other B. juncea cultivars or accessions, but it will likely require a more concerted effort to move the resistance from this accession into an improved background.
We monitored disease severity over ten days in two retests to determine if the progress of disease infection (e.g., reflected by AUDPC) varied among accessions. The very close relationship between AUDPC and disease severity at day 7 (Table 3) indicates that disease progressed similarly among all lines and that the day 7 assessment of disease in this study adequately differentiated lines for resistance or relative susceptibility.
This research represents the first formal report of variable responses to Psm among a relatively large collection of accessions within a Brassica species. Other reports have described different responses to inoculation with Psm and other P. syringae pathovars among different Brassica species, but the focus of those studies was the differentiation of isolates and pathovars of leaf spotting P. syringae (Bull and Goldman, 2004; Cintas et aI., 2002; Koike et aI., 1998; Zhao et aI., 2000b) . This is the first report aimed at identifying resistant lines that might be used to breed improved crops with higher levels of resistance to Psm within a Brassica species. Our future efforts will be focused on using the potentially useful accessions found in this work to combat the damage incited by peppery leaf spot in leafy Brassica cultivars. 
